Non-thermal plasma (NTP) is an attractive method for decomposing biomass gasification tars.
Introduction

24
Biomass can be used as an alternative source of "green" energy and chemicals. Biomass can 25 be converted into fuels and value-added chemicals by thermal, physical or biological processes.
26
Thermochemical processes are useful for producing fuels, chemicals, combined power and 27 heat. Among thermochemical processes, gasification is a promising technique for producing 28 alternatives, green fuels for transport and power generation. In this method, partial oxidation 29 of solid biomass is performed at temperatures of 700 to 800 o C, to produce gaseous fuels or 30 synthesis gas [1, 2] . The product gas contains high concentrations of CO and H2. Its 31 composition depends upon various parameters such as the nature of the feedstock, method of 32 gasification, operating conditions, etc [2] . The syngas (CO + H2) can be used as fuel in gas 33 turbines, gas engines, and it can be used to produce valuable chemicals. However, the product 34 gas from gasifier also has impurities such as chlorine, sulphur, nitrogen and tar compounds [3] .
35
Among these, tar creates a significant problem by condensing in filter, heat exchangers and 36 engines at low temperatures after the exit of biomass gasifier, leading to attrition and choking.
37
Therefore, it is necessary to decompose or remove the tar compounds from the product gas [4] .
38
There are numerous techniques that can be implemented to remove tars, such as mechanical 39 separation, thermal cracking, and catalytic cracking. Tar components can be reduced using 40 mechanical separation techniques such as Venturi scrubbers, rotational particle separators, 41 water scrubbers, ESP, and cyclones. However, these techniques only capture or remove the tar 42 compounds from gasifier product gas, thereby producing secondary pollution. In addition, the 43 associated chemical energy of the tar is wasted [5] . Thermal and catalytic techniques may be 44 used to crack tar compounds, but these methods have some drawbacks. In thermal cracking, 45 for instance, operating cost is significantly increased by maintaining the high temperature [6] .
46
When using catalytic cracking, tar compounds can be cracked into valuable gaseous 47 compounds at lower temperatures than in thermal decomposition [7] . However 
68
In another study, the presence of moisture increased the toluene decomposition efficiency in 69 air in a gliding arc discharge reactor [15] . In previous studies, it has been observed that removal 
74
In this study, a DBD reactor was used to remove toluene in H2 carrier gas. In our previous work 75 we reported almost complete conversion of tar (toluene) in CO2 carrier gas, but with significant 76 formation of problematic solid residue occurred [20] . Toluene decomposition in H2 has not 77 been reported in the literature, even though the product gas from gasification contains 78 significant amounts of H2 (25.2-49.5 %) [21] . Therefore, for a better understanding of tar 79 removal from product gas, it is necessary to study the effect of H2 on toluene conversion and 80 product selectivity in the NTP.
81
Toluene is one of the main stable compounds produced during biomass gasification process at The performance of the DBD reactor was also studied by varying power, toluene concentration, In this study, the power supplied to the DBD reactor was varied from 5 to 40 W, at a frequency 103 of about 20 kHz.
104
Computer-controlled mass flow controllers regulated the flow rate of H2 and N2 from gas 
Definitions
118
The removal efficiency of toluene was defined as follows: The following formulae were used to calculate the selectivity of different LHC products:
Where n and m are the carbon and hydrogen number respectively in the molecules
126
The SIE (specific input energy) shows the energy density applied to the plasma system reported in previous experimental study [20, 26] .
142
The energy efficiency and selectivity to LHCs are also shown in Fig.2 
191
The decomposition of toluene with respect to SIE can be written as
Here n shows the reaction order and kSIE is the energy constant in the given reaction. The natural 194 log of remaining fraction of the toluene with respect to SIE in H2 carrier gas is shown in fig. 3 .
195
It can be observed that the cracking of toluene in H2 carrier gas can be represented by the 
Effect of concentration
209
The toluene concentration was varied between 20 and 82 g/Nm 3 , to observe the effect on the 210 conversion of toluene. Fig. 4 shows that the removal of toluene decreased from 98.5 % to 78% Therefore, as the concentration of toluene increases, the ratio of plasma-activated reactive 222 species to toluene molecules will decrease, which will reduce the toluene conversion. Due to 223 this reason, the selectivity to LHCs also decreases with increasing the concentration of toluene 224 (Fig.4) .
225 Fig.4 also shows the effect of the concentration of toluene on the energy efficiency of plasma.
226
The energy efficiency increases from 4.79 g/kWh to 15.6 g/kWh by changing the concentration 227 from 20 g/m 3 to 82 g/Nm 3 . As the concentration is increased, it also increases the total amount 228 of decomposed toluene, and so the energy efficiency of the plasma process.
229
The trend is similar to previous work in which GAD 
EFFECT OF RESIDENCE TIME
232
The removal efficiency of toluene is also influenced by residence time. Fig. 5 (a) in the plasma discharge with increasing residence time, which produces more H reactive 259 radicals. These H radicals may contribute to increases the selectivity of lower hydrocarbons by 260 reacting with toluene and its fragments.
261
During the decomposition of toluene, a solid yellow residue was found inside the plasma zone.
262
In some reports, these deposits were described as polymeric substances, or carbonaceous 6 b) at elevated temperature in the presence of H2 carrier gas. 
Effect of temperature
270
Experiments were conducted to investigate the effect of temperature on product distribution 271 and solid residue formation, at various powers (5-40 W) and a specific residence time (4.23 s). complexity. However in this study, it was noted that problem can instead be resolved using 320 hydrogen gas, which is already present (27-53 %) [48] in fuel product gas. The installation of 321 a DBD reactor at a suitable location after the gasifier exit, where the temperature was high 322 enough, could therefore have a substantial impact on tar mitigation. 
Conclusions
324
In this study, the decomposition of toluene was studied in a dielectric barrier discharge (DBD) 325 reactor using H2 as carrier gas, as a proxy for biomass gasification tars. For the first time, this ii. The rate of decomposition of toluene increases with power input and residence time.
336
At ambient temperature, solid residue was formed in the reactor, which would create 337 various problems over time.
338
iii. Toluene conversion is not a function of temperature, but the selectivity is under plasma 
